Using an improved time-of-flight (TOF) technique, the drift mobilities of electrons and holes in organic films prepared on silicon or indium-tin-oxide (ITO)-coated glass substrates have been determined. For the samples on silicon, the silicon was also used as a carrier-generating layer. This substantially increased the number of charge carriers generated and thus resulted in a higher intensity electrical signal. Consequently, the thickness of the organic layers can be reduced to less than 1/10 of the typical values (several microns) required in the conventional TOF measurement. The typical thickness of the organic layer in the present work is 400 nm. For organic materials with a high optical absorption coefficient, samples for the TOF measurement can be prepared by directly depositing these materials onto ITO glass substrates with a thickness of about 1000 nm. For both types of substrate, the thickness of the organic layer is much closer to the typical value used in organic electroluminescent devices. The signal, and thus the accuracy, in the present measurement were much improved over those of the conventional TOF measurement. The logarithm of the drift mobility changed linearly with the square root of the applied electric field.
Introduction
Over the past decade, organic light-emitting diodes (OLEDs) have attracted much attention because of their potential application in full-color large-area flat-panel displays. Since the demonstration of small high-efficiency organic molecules and polymer-based electroluminescent devices by Tang and VanSlyke 1) and Burroughes et al., 2) respectively, the field has advanced rapidly. A typical organic light-emitting diode consists of a hole-injecting electrode, a hole-transporting layer (HTL), a light-emitting layer (EML), an electron-transporting layer (ETL) and an electron-injecting electrode. The various layers are typically about 100 nm thick, and frequently, multiple functions are combined in a single layer. Electrons and holes recombine in the lightemitting layer, creating an excited state that can decay to the ground state by emitting a photon. One important factor influencing the performance of OLEDs is the behavior of chargecarriers in the organic layers. Thus, it is important to study and understand the charge transporting behaviors in the organic layers. However, the organic materials used in OLEDs are usually highly resistive and have very low carrier mobilities which cannot be conveniently measured using techniques suitable for common semiconductors.
So far, the TOF technique is the most common one for mobility measurement of organic materials used in OLEDs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In previous work, several-micron-thick films of the materials interest were deposited onto Se, TiOPc 3, 4) or perylene derivative (PV) 7) -coated substrates which also acted as the carriergenerating layer. A pulsed laser beam was illuminated onto the carrier-generating layer. The charge carriers generated then drifted across the organic layer under the influence of an electric field applied across the carrier-generating/organic
Experimental
The molecular structures of Alq and NPB are shown in Fig. 1 . Alq films 400 nm thick were vacuum deposited at a rate of 0.1-0.2 nm/s onto N-Si (4 ·cm) substrates. The thickness of Si substrate was about 0.15 mm. NPB films However, due to the low density of charge carriers generated, the electrical signal is usually small and thus results in a low signal-to-noise ratio.
In the present work, it was found that the TOF technique for mobility measurement in organic semiconductors can be improved by using silicon or ITO as substrates. There are three advantages of using silicon as substrates: (i) since Si has strong intrinsic optical absorption over a wide range of wavelength, from visible to ultraviolet, the laser light source can be chosen easily; (ii) the carriers are generated in the Si substrate, so the interface between the carrier-generating layer and carrier-transporting layer is very abrupt; (iii) Si can provide a higher density of carriers and thus the current signal is larger, leading to an improved signal-to-noise ratio. For these reasons, the thickness of organic/polymeric films used for measurement can be reduced to values much closer to those used in typical organic EL devices. On the other hand, for those organic materials, such as NPB, which have high optical absorption coefficients, samples for TOF measurement can be prepared by directly depositing them on ITO glass substrates. layers between two electrodes. The time, T t , taken by the charge carriers to move across the organic layer was determined by monitoring the photocurrent passing through the organic layer. With known applied electric field, E, and thickness, D, of the organic layers, the carrier mobility µ can then be determined by
1000 nm thick were vacuum deposited on ITO glass substrates at a rate of 0.3-0.5 nm/s. A 20-nm-thick, semitransparent gold layer was deposited on the reverse side (i.e., not the side for organic films) of the Si substrate prior to the fabrication of the organic films. The second electrode was a 100 nm gold film, vapor deposited on top of the organic film. The pressure of the system was 6×10 −7 Torr during deposition. A Nd:YAG laser pulse at a wavelength of 355 nm or 532 nm with 5 ns pulse-width was used to excite the carriers. The 532 nm laser source was used for samples on the Si substrates, while the 355 nm source was illuminated through the ITO glass to stimulate NPB directly. Figure 2 shows the TOF apparatus used in the drift mobility measurements.
The measurements were performed at room temperature under various electric fields. The current through the sample as a function of time was determined by using a 500 MHz storage oscilloscope to measure the voltage across a resistor placed in series with the sample. The resistors varied in resistance from 100 to 10 k , and several sweep speeds were used to cover the change over several decades of time and current. The carrier mobilities measured for electrons in the Alq layer and for holes in the NPB layer are shown in Figs. 3  and 4 , respectively. The illuminated electrode was used either as the cathode or anode corresponding to electron or hole mobility measurement, respectively. Figure 3 shows the TOF current signal from a structure where the carriers generated in the Si substrate were injected into and drifted through the Alq layer under the influence of an external electric field. The process was initiated by illuminating a laser flash of 532 nm through the semitransparent gold electrode; the light was totally absorbed into the silicon layer, leading to the generation of the charge carriers in the Si layer. The carriers rapidly diffused and drifted to the interface of silicon and organic materials, then were injected into and drifted in the organic layer. The arrival time of the photogenerated electrons at the counterelectrode can be clearly observed in Fig. 3 . The time for electron transport in Si was negligible. The estimated drift mobility in an electrical field of 5.0 × 10 Figure 4 shows the TOF current signal from a structure in which the carriers were generated directly in the NPB varies with the applied electric field as follows: 10) µ
Results and Discussion
where µ 0 is the mobility at low or zero electric field and α is a constant for a given sample. The value of α increases with disorder or level spread. Behavior closely approximated by the above empirical equation has been observed in many materials. [5] [6] [7] [8] [9] [10] In some materials, the transport is so highly dispersive that evidence for transit time can only be observed in a log-log plot of current versus time. Figures 5 and 6 show the plots of log µ versus E 1/2 for Alq and NPB, respectively. These results show that, to a good approximation, the electric field dependence of the drift mobility can be described by eq. (2). Since an electric field reduces the barrier to jumps along the field direction, the drift mobility should increase with increasing applied field.
Conclusions
Using an improved TOF technique, the drift mobilities of electrons and holes in organic thin films prepared on Si or ITO-coated glass substrates have been determined. For the samples on Si, the substrate itself was also used as a carriergenerating layer. This substantially increased the number of charge carriers generated and thus produced a higher intensity layer at a region close to the ITO/NPB interface and drifted across the NPB layer under the influence of an external electric field. The process was initiated by illuminating a laser flash of 355 nm through the transparent ITO electrode; the light was completely absorbed into a thin layer of NPB close to the ITO/NPB interface. The arrival time of the photogenerated holes at the counterelectrode is shown in Fig. 4 . The estimated drift mobility in 1.0 × 10 5 V cm −1 is 5.1 × 10 −4 cm 2 V −1 s −1 according to eq. (1). For many different types of disordered materials, including those that have additional or extrinsic levels overlapping the polaron levels, it is frequently found that the drift mobility µ electrical signal. For both types of substrates, the required thickness of the organic layer is much closer to the typical value used in organic electroluminescent devices. The signal, and thus the accuracy, in the present measurement were also greatly improved over those in conventional TOF measurement. This technique is highly suitable for studying carrier transport properties in organic materials used in electroluminescent devices.
